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Abstract. Study of radio supernovae over the past 17 years includes
two dozen detected objects and almost 80 upper limits. From this work
we are able to identify classes of radio properties, demonstrate confor-
mance to and deviations from existing models, estimate the density and
structure of the circumstellar material, and by inference the evolution
of the presupernova stellar wind, and reveal the last stages of stellar
evolution before explosion. It may also be possible to detect thermal
hydrogen along the line of sight, to demonstrate binary properties of
the stellar system, and to show clumpiness of the circumstellar material.
More speculatively, it may be possible to provide distance estimates to
radio supernovae. A summary of the radio information can be found at:
http://rsd-www.nrl.navy.mil/7214 /weiler /sne-home.html.

1. Introduction

A series of papers published over the past 17 years on radio supernovae (RSNe)
has established the radio detection and/or radio evolution for 23 objects: 2 Type
Ib supernovae, 4 Type Ic supernovae, and 17 Type II supernovae. A much larger
list of almost 80 more SNe have low radio upper limits (Table 1).

In this extensive study of the radio emission from SNe, several effects have
been noted: 1) Type la are not radio emitters to the detection limit of the VLA
(The VLA is operated by the NRAO of the AUI under a cooperative agreement
with the NSF.); 2) Type Ib/c are radio luminous with steeper spectral indices
and a fast turn-on/turn-off, usually peaking at 6 cm near or before optical



Table 1. Observed Supernovae (D = Detection; L = Light Curve)

SN Name Type Radio? SN Name Type Radio? SN Name Type Radio?

1940A 1I-L 1984E 1I-L 1991ar Ic

1950B 117 D 1984L Ib L 1991av IIn

1957D 117 D 1984R ? 1991bg Ia

1968D 11 D 1985A Ia 1992A Ia

1970A 117 1985B Ia 1992H 1I-P

1970G 1I-L L 1985F Tb 1992ad 11-P? D
1970L 17 1985G 1I-P 1992bd 11

1971G I? 1985H 11 1993G 11

19711 Ta 19851 1I-L D 1993J 1Tb L
1971L Ia 1986A Ia 1993N IIn

1971R ? 1986E 1I-P L 1993X 11

1972E Ia 1986G Ia 1994D Ia

19727 ? 19861 1I-P 19941 Ic L
1974E ? 1986J IIn L 1994P 11

1974G Ia 19860 Ia 1994W IIn

1975N Ia 1987A 11 L 1994Y IIn

1977B ? 1987D Ia 1994ai Ic

1978B 11 1987D Ia 1994ai Ic

1978G 11 1987F IIpec 1994ak IIn

1978K 11 L 1987K 1Tb 1995G IIn

1979B Ia 1987M Ic 1995N IIn D
1979C 1I-L L 1987N Ta 1995X 1I-P

19801 Ia 19881 IIn 1995ad 1I-P

1980K II-L L 19887 IIn L 1995al Ia

1980L ? 1989B Ia 1996N Ic D
1980N Ia 1989C IIn 1996 W IIp

19800 11 1989L II-L 1996X Ia

1981A 11 1989M Ia 1996ae IIn

1981B Ia 1989R IIn 1996an 11

1981K 117 L 1990B Ic L 1996aq Ic

1982E Ia? 1990K II-L 1996bu IIn

1982R Ib? 1990M Ta 1996¢chb 1Ib? D
1983K 1I-P 1991T Ia 1997X Ic D
1983N Ib L 1991ae IIn

maximum; and 3) Type II show a range of radio luminosities with flatter spectral
indices and a relatively slow turn-on/turn-off.

2. Models

All known RSNe appear to share common properties of: 1) non-thermal syn-
chrotron emission with high brightness temperature; 2) a decrease in absorption
with time, resulting in a smooth, rapid turn-on first at shorter wavelengths and
later at longer wavelengths; 3) a power-law decline of the flux density with time
at each wavelength after maximum flux density (optical depth ~ 1) is reached at
that wavelength; and 4) a final, asymptotic approach of spectral index a to an
optically thin, non-thermal, constant negative value (Weiler et al. 1986, 1990).
Chevalier (1982a,b) has proposed that the relativistic electrons and enhanced
magnetic field necessary for synchrotron emission arise from the SN shock in-
teracting with a relatively high-density circumstellar medium (CSM) which has
been ionized and heated by the initial UV /X-ray flash. This CSM is presumed

to have been established by a constant mass-loss (M) rate, constant velocity



(w) wind (i.e., p oc 772) from a red supergiant (RSG) progenitor or companion.
This CSM is also the source of the initial absorption.

2.1. Parameterized Radio Light Curves

The parameterized model of Weiler et al. (1986, 1990) and Montes et al. (1997)
may be written as
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K4, K3, and K3 correspond, formally, to the unabsorbed flux density (/K7), and
the uniform (K) and non-uniform (K'3) optical depths in the surrounding CSM
at 5 GHz one day after the explosion date tg. K4 represents a non-time depen-
dent HII absorption (EM = 8.93 x 107 K4 (T./10*K)!3® pc em™6; Equation
1-223 of Lang 1986) along the line-of-sight to the radio emitting region. The
term e~ 7 describes the attenuation of a local medium with optical depth 7 and
time dependence ¢ that uniformly covers the emitting source (“uniform exter-
nal absorption”); the term (1 — ¢~7' )7/~ describes the attenuation produced
by an inhomogeneous medium with optical depths distributed between 0 and
7' (“clumpy absorption”) and time dependence ¢’; and the term e~ describes
an absorption along the line-of-sight which is constant with time. All absorbing
media are assumed to be purely thermal, ionized hydrogen with opacity oc v=2-1.

3. Results

The success of the basic parameterization and model description can be seen in
the relatively good correspondence between the model fits and the data for the
three subtypes of RSNe: Type Ib SN 1983N (Fig. 1), Type Ic SN 1990B (Fig. 1),
and Type IT SN 1980K (Fig. 2). (N.B. After day ~ 4000, the evolution of the
radio emission from SN 1980K deviates from the expected model evolution. See
§ 8 for discussion of this change.)

4. Mass Loss Rate & Change in Mass Loss Rate

From the Chevalier (1982a,b) model, the turn-on of the radio emission for RSNe
provides a measure of the presupernova mass loss rate to wind velocity ratio.
Using the formulation of Weiler et al. (1986) Eq. 16, we can write
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Type Ib SN 1983N (left) at 6 cm (4.9 GHz; squares, solid

line) and 20 cm (1.5 GHz; stars, dashed line) and Type Ic SN 1990B
(right) at 3.4 cm (8.4 GHz; circles, solid line), 6 cm (4.9 GHz; squares,
dashed line), and 20 cm (1.5 GHz; stars, dash-dot line).
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Figure 2. Type II SN 1980K at 6 cm (4.9 GHz; squares, solid line),

and 20 cm (1.5 GHz; stars, dashed line). (For discussion of the sharp
drop in flux density after day ~ 4000 see § 8.)
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Figure 3. Type II SN 1993J (left) at 1.2 cm (22.5 GHz; triangles,
dotted line), 2 cm (15.1 GHz; crossed circles, dash-triple dot line), 3.4
cm (8.4 GHz; circles, solid line), 6 cm (4.9 GHz; squares, dashed line),
and 20 cm (1.5 GHz; stars, dash-single dot line) and mass loss rate
(right) of the presumed red supergiant progenitor to SN 1993J vs. time
before the explosion.
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(w/10 km s™1) 10* km st 45 days 104 K
. (5)
where M is the presupernova mass loss rate, w is the presupernova wind velocity,
K is the same as in Eq. 2, m is the SN shock deceleration index (shock radius
t™), v; is the initial SN shock velocity (~ 13,000 km s!), and 7 is the temper-
ature of the circumstellar material (~ 20,000 K).

From Eq. 5 the mass loss rates from SN progenitors are generally estimated
to be ~ 1075M; yr=! for Type Ib/c SNe and ~ 10~*M;, yr~! for Type II SNe.
For the specific case of SN1993J, where detailed radio observations are available
starting only a few days after explosion (Fig. 3), Van Dyk et al. (1994) find
evidence for a changing mass loss rate (Fig. 3) for the presupernova star which
was as high as ~ 107* M yr~! approximately 1000 years before explosion and
decreased to ~ 107> Mg, yr~! just before explosion.




5. Clumpiness of the Presupernova Wind

In their study of the radio emission from SN1986J, Weiler et al. (1990) found that
the simple Chevalier (1982a,b) model could not describe the relatively slow turn-
on. They therefore added terms described mathematically by 7/ in Eqgs. 1 and
3. This extension greatly improved the quality of the fit and was interpreted
by Weiler et al. (1990) to represent the possible presence of filamentation or
clumpiness in the CSM.

Such a clumpiness in the wind material was again required for modelling
the radio data from SN1988Z (Van Dyk et al. 1993) and SN1993J (Van Dyk et
al. 1994). Evidence for filamentation in the envelopes of SNe has also been found
from optical and UV observations (Filippenko et al. 1994, Spyromilio 1994).

6. Binary Systems

In the process of analyzing a full decade of radio measurements from SN 1979C,
Weiler et al. (1991, 1992a) found evidence for a significant, quasi-periodic, vari-
ation in the amplitude of the radio emission at all wavelengths of ~ 15 % with
a period of 1575 days or ~ 4.3 years (see Fig. 4 at age < 4000 days). They
interpreted the variation as due to a minor (~ 8 %) density modulation, with
a period of ~ 4000 years, on the larger, relatively constant presupernova stellar
mass loss rate. Since such a long period is inconsistent with most models for
stellar pulsations, they concluded that the modulation may be produced by in-
teraction of a binary companion in an eccentric orbit with the stellar wind from
the presupernova RSG.

Since that time, the presence of binary companions has been suggested for
the progenitors of SN1993J (Podsiadlowski et al. 1993) and SN19941 (Nomoto
et al. 1994) indicating that binaries may be common in presupernova systems.

7. HII Along the Line-of-Sight

A reanalysis of the radio data for SN 1978K from Ryder et al. (1993) clearly
shows flux density evolution characteristic of normal Type II SNe. Additionally,
the data indicate the need for a time-independent, free-free absorption compo-
nent along the line-of-sight. Montes et al. (1997 and elsewhere in this volume)
interpret this constant absorption term as indicative of the presence of an HII
region along the line-of-sight to SN 1978K, perhaps a part of an HII region
agsociated with the SN progenitor.

8. The Changing Evolution of SN 1979C and SN 1980K

Radio emission that preserves its spectral index while deviating from the pa-
rameterized model most likely indicates a change in the average circumstellar
density with respect to the expected p o r=2 law.

SN 1979C prior to 1990 (age < 4000 days) follows a standard, albeit sinu-
soidally modulated (see §6) declining radio emission (see Weiler et al. 1991).
However, after ~ 4000 days a slow increase in the radio light curve occurs at all
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Figure 4. Type II SN 1979C at 2 cm (14.9 GHz; crossed circles,
solid line), 6 cm (4.9 GHz; squares, dash-dot line), and 20 cm (1.5
GHz; stars, dotted line).

wavelengths (Fig. 4). By day ~ 6500, this change in evolution implies an in-
crease in flux density by a factor of ~ 1.8 with respect to the standard model or
a density enhancement by a factor of ~ 1.35. This may possibly be understood
as a change of the CSM density profile from the r=2 law, which was applicable
until day ~ 4000, to an appreciably flatter behavior (~ r=12).

SN 1980K prior to day ~ 4000 is also well behaved (Weiler et al. 1992b).
However, more recent measurements show a steep decline in flux density at all
wavelengths by a factor of ~ 2 occurring between day ~ 4000 and day ~ 4500
(Fig. 2). Such a sharp decline in flux density implies a decrease in pcsm by a
factor of ~ 1.6.

Thus, for both SN 1979C and SN 1980K we have significant changes in
radio flux density occurring ~ 4000 days (~ 10 years) after the explosion. Since
the SN shock is moving ~ 1000 times faster than the wind material of the RSG
progenitor (~ 10,000 km s~! vs. ~ 10 km s~!), such a time interval implies
a significant change in the presupernova stellar wind properties ~ 10,000 years
before the explosion. Although short compared to the lifetimes of typical RSN
progenitors, such an interval is comparable to the evolutionary time since the
last “blue loop” episode for stars with masses up to ~ 12 — 14 Mg for solar
metallicity (and higher for lower metallicities; see Brocato & Castellani 1993,
Langer & Maeder 1995) so that changes in the radio emission may indicate a
significant transition in the evolution of the presupernova stars.

It is interesting to note that SN 1987A, which exploded as a blue supergiant
(BSG), ended a RSG phase a few thousand years earlier. Its initial radio emission
(Turtle et al. 1987) declined to a low plateau within a year but began increasing
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Figure 5. Peak 6 cm luminosity of RSNe vs. time delay, in days,
from explosion to peak 6 cm flux density. Type Ib SNe are plotted as
filled squares and Type Ic as crossed squares. Type 11 SNe are plotted
as filled triangles. The solid line is the best fit to the available Type 11
RSNe.

again at an age of ~ 3 years and continues to increase at the present time (see
Ball et al. 1995, Gaensler et al. 1997, and the presentations by Turtle et al. and
Gaensler et al. elsewhere in this volume). Apparently, presupernova stars can
undergo significant and rapid changes of state in the last few thousand years
before explosion.

9. Peak Radio Luminosities and Distances

If one plots the peak 6 c¢cm radio luminosity for each RSN against the time
required after explosion to reach that peak, an interesting phenomenon is ap-
parent: 1) Type Ib/c SNe may have relatively little variation in their peak 6
cm luminosities, even if there are differences in the time from explosion to that
peak, and 2) the longer it takes a Type II RSN to reach 6 cm peak flux density,
the higher its 6 ¢cm luminosity at that peak.

Unfortunately, there are only four Type Ib/c RSNe and 11 Type I SNe on
which the relation can be tested. Even more unfortunate, the four Type Ib/c
SNe are diverse, with two being Type Ib and two being Type Ic.

Within these limitations, however, examination of Fig. 5 implies that Type
Ib/c SNe may be approximate radio standard candles having an average peak
6 cm luminosity of Leem peak ~ 10%7 erg s~ Hz~! and Type II SNe may obey
a relation for their peak 6 cm luminosity of Lgem peak ~ 3 X 10% (t6em peak —

to)t? erg s71 Hz™! with time in days. This relation is the solid line in Fig. 5.



10. Summary

Since the initial radio detection of SN1979C in April 1980, the past 17 years have
yielded considerable information on RSNe. It appears that the radio emission
can be used to estimate the presupernova mass loss rate and changes therein,
to show the existence of filamentation in the presupernova stellar wind, and to
indicate the possible presence of binary companions. More speculatively, radio
observations may also provide a new technique for estimating distances.
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